Running title: Lipid mediators mitigate chemical skin injury
Introduction

Chemical threat agents-induced skin injuries:
The treatment of injuries caused by exposures to chemical warfare agents or hazardous industrial chemicals remains challenging due to limited information about the injury mechanisms and biological targets. Exposures to chemical threat agents oftentimes induce strong inflammatory tissue responses that contribute to morbidity and delayed tissue repair and recovery. Skin blistering agents (vesicants) such as sulfur mustard (HD or SM) in mustard gas, or its analog, 2-chloroethyl-ethyl-sulfide (CEES), while not immediately irritating, induce delayed inflammatory responses that contribute to the separation of skin layers and blister formation hours after exposure (1) (2) (3) (4) (5) (6) . This response is initiated by the alkylating activity of HD and CEES, followed by induction of oxidative stress and the formation of lipid peroxidation products. Within a short time, pro-inflammatory cytokines and chemokines can be detected, including IL-1α/β, IL-6, IL-8, TNF-α, GM-CSF and KC, and inflammatory cells infiltrate the exposed skin, including neutrophils, mast cells, and macrophages. Proteases such as MMP-9 are induced that contribute to edema formation, tissue destruction and blistering (6) . Sulfur mustard wound often shows incomplete healing, with patients burdened by chronic skin inflammation and pruritus even decades after exposure (2, 7).
Other chemical agents cause more immediate harm, followed by an exaggerated inflammatory response that aggravates tissue injury and delays recovery. For example, skin and eye exposures to tear gas agents can cause immediate chemical burns and irritation due to their high chemical reactivity leading to the rapid modification of proteins, lipids and other biomolecules (8) . Skin exposure to tear gas agents such as 2-chlorobenzalmalononitrile (CS tear gas agent) cause pain and irritation, and, depending on the exposure concentration and site, can lead to burns, subcutaneous edema and bulla formation (8) (9) (10) (11) . Some studies have reported contact dermatitis following repeated exposure to CS tear gas agent (12) (13) (14) . Several short-and long-term effects of exposure to CS tear gas agent were reported (14-16).
While inflammation is essential for host defense and may prevent infiltration of the chemical wound by pathogens and contribute to clearance of debris, experiments in chemically exposed neutrophil-depleted animals demonstrated that these pro-inflammatory cells exacerbate the injury and contribute to morbidity (17) . Taken together, these reports support the idea that exaggerated inflammation is a major driver of progressive tissue injury hours (and even days) after the chemical threat exposure has ended. Several treatment options, including the use of nonsteroidal anti-inflammatory drugs (NSAIDs), are published for HD and CS tear gas-induced cutaneous injury, with mixed outcomes (8, 18, 19) .
Despite their use as chemical warfare agents more than a century, there is no specific antidote for sulfur mustard or tear gas agent-induced cutaneous injuries (9) . Although some therapeutic agents were tested for SM and CS tear agent-induced injuries, symptomatic treatment is the general line of treatment (8, 9, 18, (20) (21) (22) (23) . Decontamination of affected subjects is crucial in mitigating the injuries. However, decontamination of contaminated surfaces is also difficult as CS tear gas agent is almost insoluble in water and only slightly soluble in ethyl alcohol and carbon tetrachloride. Similarly, the presence of sulfur mustard in different physical states complicates decontamination. The actual concentrations of incapacitating agents exposed to civilians and law enforcement authorities are highly variable, which further complicates the triaging of clinical symptoms and medical management. While some of the potential therapeutic drug candidates are being tested in pre-clinical studies and are promising, none of the compounds were approved by US FDA (6, 8, 18, 19, (24) (25) (26) (27) (28) . The lack of effective antidotes for SM and CS tear gas-induced skin injuries constitute the need for continued screening and development efforts.
Resolution of inflammation: An active mechanism driven by newly discovered omega 3-fatty acidderived mediators
The inflammatory response is divided into three temporal phases, initiation, amplification and maintenance, and resolution. Classical anti-inflammatory treatments have focused on interference with target pathways involved in the initiation and maintenance of inflammation. These strategies have only been partially successful, due to the large variety of pathways and pathologies involved. Moreover, selective and non-selective cyclooxygenase-2 (COX2) inhibitors show beneficial therapeutic effects but with obvious side effects. For many inflammatory conditions with symptoms resembling the outcomes of chemical threat injuries (such as asthma, ARDS, or dermatitis), clinical trials using cytokine inhibitors, steroids or NSAIDs have resulted in mixed outcomes, suggesting continued demand for the development of new clinical strategies counteracting inflammation. the two dietary fatty acids widely consumed due to their reported anti-inflammatory and other beneficial effects (29) . These mediators are produced enzymatically in human blood by neutrophils, with increased concentrations observed following aspirin treatment (33) . SPMs are shown to bind to a range of Gprotein-coupled receptors and ion channels such as transient receptor potential (TRP) ion channels to mediate their pro-resolving effects (29, 34, 35) . In general, SPMs help injured tissues to return to their original architecture and function by promoting resolution through recruitment of non-inflammatory monocytes. Then, cellular debris, inflammation causative agent(s) and excess neutrophils will be removed by macrophages (30, 32, 36, 37) .
Therapeutic potential and clinical development of pro-resolving mediators
SPMs, when administered exogenously, have shown potent anti-inflammatory effects in a wide range of animal disease models, including lung injury, pain, dermatitis, arthritis, and colitis (32, 33, 35, (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) We hypothesize that accelerating resolution phase of inflammation may attenuate the exaggerated cutaneous inflammatory response following chemical threat agent exposure to sulfur mustard gas and tear gas agent, leading to decreased morbidity and improved recovery. Several new families of lipid-derived, local acting chemical mediators, which are derivatives of omega-3 fatty acids that enhance the resolution of the inflammatory process and restore the original architecture of injured tissues have been identified. The objective of these studies was to test the therapeutic potential of SPMs in mouse models of CS tear gas agent-and CEES-induced cutaneous injury.
Materials and methods
Specialized 
2-chloroethyl-ethyl-sulfide mouse ear vesicant model (CEES MEVM)
Sulfur mustard analog-induced mouse ear vesicant model was developed as described in Achanta et al., 2018 (6) . Briefly, the right ears of male 8 week old C57BL/6 mice were exposed to a total single dose of 0.2 mg (in 20 µL, ten microliters on each side of right ear) of 2-chloroethyl-ethyl-sulfide (CEES), a sulfur mustard analog following sevoflurane anesthesia. The left ears were exposed to vehicle (dichloromethane) that served as controls. One hour later, mice were administered a single dose of SPM (RvD1 or RvD2) at 2 µg/kg intraperitoneally (i.p), in PBS with 0.1% ethanol (injection volume: 10 mL/kg body weight). Control animals received vehicle (PBS with 0.1% ethanol) only. Figure 1A depicts the CEES MEVM study paradigm and dosage regimen. We prepared fresh SPM solutions within 30 minutes before injection. Briefly, SPMs were evaporated under a gentle stream of nitrogen gas and reconstituted in 0.1% ethanol in PBS.
Visualizing extravasation of inflammatory exudate
To visualize the extravasation of inflammatory exudate into surrounding tissues and the healing process in CEES exposed ears, we injected IRDye 800CW intravenously at 18 hr post-CEES exposure under a brief sevoflurane anesthesia. We scanned anesthetized mice (ketamine and xylazine at 80-120
and 5-10 mg/kg body weight i.p., respectively) in dorsal recumbency at 23 hr post-CEES exposure using Li-Cor Odyssey CLX ® fitted with an accessory, Mouse-Pod ® (Li-Cor, Nebraska, USA). Mice were maintained at 37 0 C while under anesthesia and during the scanning procedure. We used the following settings for scanning of mice -channels: 700/800; scan resolution: 42 µm, intensities: 1 for both channels; data analysis: small animal; scan quality: medium (increasing the quality of scan will increase the time of scanning); focal offset: 1 mm. Data were analyzed using the Small Animal Image Analysis Suite provided by the manufacturer.
Ear punch biopsy sample collection, pro-inflammatory cytokine, and histopathology analysis
Mice were euthanized 24 hr post-CEES exposure in the CO 2 chamber and then by a secondary method, approved by the IACUC and AVMA guidelines for euthanasia. Ear thickness was measured using spring-loaded electronic calipers (Mitutoyo QUICKmini, Japan). Three 4 mm ear punch biopsies were excised (4 mm Biopsy Punch, Miltex Inc., York, PA, USA) and weighed to determine edema as described previously (6). One punch biopsy was used to determine concentrations of pro-inflammatory mediators known to contribute to the vesicant injury. Briefly, ear punch biopsy samples were homogenized in lysis buffer (50 mM Tris-base, 150 mM NaCl, 5 mM EGTA supplemented with EDTAfree complete protease inhibitor (Roche Diagnostics GmbH, Mannheim, Germany) and 0.5% Triton X-100), using a Bullet Blender and Zirconium Oxide Beads (NextAdvance ® , Averill Park, NY) (6). Using the enzyme-linked immunosorbent assay (ELISA), we examined the concentrations of matrix One punch biopsy was fixed in 10% formaldehyde, embedded in paraffin, sectioned at 5 µm thickness, and stained with hematoxylin and eosin (H&E) as per standard protocols. Images were obtained with a Zeiss Axio Imager Z1 microscope and analyzed by AxioVision Rel. 4.7 software (Zeiss, Munich, Germany). Cutaneous histopathology was assessed based on guidelines in Silny et al., 2005 (6, 48) .
Electrophilic agent (CS tear gas agent) induced cutaneous inflammation:
Mice were briefly anesthetized with sevoflurane. We exposed right ears of mice with 20 µL (10 µL on each surface) of 200 mM CS tear gas agent and applied an equal volume of dimethyl sulfoxide (DMSO, a vehicle for CS tear gas agent application) on left ears. We administered either SPM (RvD1 or RvD2) at 5 µg/kg body weight i.p or vehicle (PBS with 0.1% ethanol) at 30 minutes and 4 hours post-CS exposure. We euthanized mice at 6.5 hours post-CS exposure. Ear thicknesses, ear punch biopsy weights; tissue homogenization to harvest protein extracts, cytokine analysis, and H&E staining were done as described in the above CEES MEVM sections. Figure 5A depicts the study paradigm and dosing regimen.
Data Analysis and Statistics:
Data were analyzed using GraphPad Prism 7 for Windows, GraphPad Software, La Jolla, CA, USA. Statistical difference was tested either by an unpaired two-tailed t-test or by one-way ANOVA with Tukey's Multiple Comparison Test. Error bars are represented as the standard error of mean estimate (SEM). Statistical significance was denoted by *p<0.05 or **p<0.01 or ***p<0.001.
Results
CEES MEVM
Cutaneous exposure to CEES resulted in tissue edema and microvesicles. Ear thickness, measured with spring-loaded calipers, increased by 49.4±21% compared to vehicle (dichloromethane) exposed ears. Ear punch biopsy weights, measured from three 4-mm punch biopsies, increased by 57.5±23% compared to vehicle exposed ears. Treatment of mice with RvD1 or RvD2 post-CEES exposure decreased tissue edema, measured with ear thickness and ear punch biopsy weights (Figures 1B and 3A) . Profound vascular leakage was noted in ears exposed to CEES due to vascular dilation, increased diapedesis, and accumulation of inflammatory exudate in the subcutaneous tissue. Whereas, vascular leakage was significantly decreased in mice that were treated with RvD1 or RvD2 post-CEES exposure ( Figures 2A-B and 4A-B). The intensity of IRDye 800 CW in SPM-treated groups was significantly lower than the vehicle-treated animals. Inflammatory cytokine markers, such as MMP-9, IL-1β, CXCL1/KC, CXCL2/MIP2, and IL-6, were decreased in treatment groups compared to control (vehicle) mice, suggesting that acceleration of inflammation resolution resulted in diminished tissue destruction by proteases and recruitment of inflammatory neutrophils ( Figures 2C and 4C ). Tissue biopsies of CEES exposed mice treated with SPMs showed dramatically attenuated edema and microvesicle formation (separation of epidermal and dermal layers) and reduced inflammatory infiltrating cells, resulting in almost normal ear thickness ( Figures 1C and 3B ).
CS tear gas
Exposure to CS tear gas agent-induced acute inflammation, evidenced by erythema and edema within few minutes after exposure. Compared to the vehicle (DMSO-exposed ears), ear thickness and ear punch biopsy weights increased by 63±21% and 75±23%, respectively.
Post-exposure treatment of CS tear gas agent-induced acute cutaneous inflammation with SPMs (RvD1 or RvD2) decreased tissue edema compared to the control group ( Figure 5B and 6A). SPMs decreased pro-inflammatory cytokines (IL-1β, CXCL1/KC, CXCL2/MIP2, and IL-6) and MMP-9
( Figures 3B and 4B ). In tissue histopathology sections of CS tear exposed ears, edema was an obvious finding in addition to infiltration of cells. In treated groups, edema, infiltration of pro-inflammatory cells, and keratinolysis were decreased compared to control groups ( Figure 3C and 4C).
Discussion
Skin is the body's largest organ system with an average body surface area ranging from 1.6 -1.9 m 2 in humans. Therefore, cutaneous injuries following chemical exposure are the most common sequelae. In this study, skin injury caused by sulfur mustard analog, CEES and CS tear agent were studied in mice; and the therapeutic potential of SPMs was investigated in chemical threat agent-induced cutaneous injuries. To the best of authors' knowledge, this is the first report on the use of SPMs as therapeutic agents in chemical agent-induced cutaneous inflammation or in any other medical countermeasure studies.
CEES MEVM
Sulfur mustard interacts with biological matrices in a wide variety of cascade of pathophysiological events and therefore, difficult to control inflammation. Although the toxicological effects of sulfur mustard on the ocular and respiratory system are widely studied, information for cutaneous effects is scarce. CEES is commonly used as an analog to study the effects of sulfur mustard (HD). CEES MEVM in this study recapitulated previously published reports elsewhere (5, 6). Edema or erythema of exposed ears was not seen immediately. CEES is a mono-functional alkylating analog of sulfur mustard which forms adducts with the biological interface, unlike sulfur mustard. CEES is 100 times less potent than sulfur mustard. Visible blisters/vesicles were not seen in CEES MEVM, unlike sulfur mustard. However, CEES is commonly used as a surrogate agent to study the effects of sulfur mustard under laboratory settings due to its similarities of chemical and toxicological effects to sulfur mustard.
In this study, several pro-inflammatory cytokines markers were tested, such as MMP-9, IL-1β, CXCL1/KC, CXCL2/MIP-2, and IL-6. MMP-9 is thought to be a major effector of tissue destruction caused by vesicants and may contribute to blister formation by separating the dermis from the epidermis (49, 50) . KC is a potent neutrophil attractant, guiding pro-inflammatory neutrophils into the injured tissue. IL-1β is produced by macrophages and various other cell types in response to inflammatory agents, infections, or microbial endotoxins. IL-1β is not produced in healthy tissues, with the exception of skin keratinocytes, some epithelial cells, and certain cells of the nervous system. In our studies, we observed similar findings that support the expression of IL-1β in control ears. In these studies, although inflammatory cytokine makers were decreased in treatment groups compared to the vehicle group, some
variability was observed between SPMs tested.
We developed an in vivo imaging with infra-red fluorescent dye to visualize extravasation of inflammatory exudate and real-time healing. Although such imaging is done frequently in tumor biology studies, this is the first of its kind in vivo imaging technique in cutaneous inflammatory studies (51).
Increased vascular leakage was noted in mouse ears exposed to CEES whereas treatment with SPMs decreased vascular leakage. Vascular leakage was quantified with the intensity of fluorescence.
Treatment with SPMs significantly decreased fluorescence of IRDye 800 CW PEG. Vascular leakage is a common feature of inflammation. Vascular permeability is a result of increased capillary hydrostatic pressure and increased spaces between vascular endothelial linings. The non-specific fluorescent dye, IRDye 800CW PEG contrast agent (25-60 kDa), used in this study reaches the sites of acute inflammation due to vascular leakage and decreased return to the vasculature due to alteration in colloid osmotic pressure. We visualized ear vasculature in mice as early as 10 minutes post-administration of dye. The method was optimized to track the progression of inflammation in real time with this less invasive procedure. In this study, we injected IRDye 800CW PEG agent at 1:2 dilution (0.5 nmol per animal) instead of the manufacturer's suggested amount (1 nmol per animal) to avoid signal saturation.
IRDye 800 CW is excreted in urine. Therefore, temporary individual caging of mice with cage enrichment after the injection of dye is suggested to prevent background noise from urine excreted by the cage mates. This technique is highly useful in tracking the therapeutic efficacy of potential drug candidates in long-term skin injury studies.
CS tear gas
In recent years, the deployment of CS tear gas agent has significantly increased worldwide, including the United States for riot control. Although tear gas agents have been used since several decades for riot control and to incapacitate enemies in war fronts, no specific therapeutic agents are available for treating injuries caused by tear gas agents. In a real riot control situation, the actual concentration of exposure of CS tear agent is unknown and is highly variable. In our in vivo CS tear gas agent exposure titration studies, we found that exposure to concentrations of 50 -200 mM of CS tear gas agent saturated the response. However, in this study, we tested the therapeutic potential of pro-resolving agents at 200 mM concentration (20 µL) of CS tear agent to show therapeutic benefits even at higher CS tear gas exposure levels.
The clinical manifestation of CS tear gas exposure includes immediate burning and pain sensation. These signs are the result of intense sensory irritation at various body sites. Studies in our laboratory have shown that CS tear gas exerts its effect through the activation of TRPA1 channels (8, 52). After the removal of patients from CS tear gas exposure site, lacrimation and burning sensation may decrease within 30 minutes. However, exposure to higher concentrations of this xenobiotic or for a prolonged period will result in severe cutaneous injuries.
In this study, edema and erythema were the most significant findings of cutaneous injury upon exposure to CS tear gas agent. Both ear punch biopsy gross markers and histopathology demonstrated heightened edema with CS tear gas exposure. Treatment with SPMs significantly reduced inflammation.
Similar anti-edematogenic effects of SPMs were observed in carrageenan-induced paw edema (53). Proinflammatory markers were significantly increased in CS tear gas agent exposed mice whereas treatment with pro-resolving agents decreased these cytokine markers.
Dose and route of administration
The results from this study were promising in showing the therapeutic effects of SPMs in two chemical threat agents-induced cutaneous inflammation. There are several teams studying the potential use of these agents as therapeutics against several indications around the world (30, 32, 33, 36, 38, 39, 47, (54) (55) (56) (57) . Based on previous studies in other disease modalities in mouse models, nano-gram amounts were administered in these studies and these doses were shown to be therapeutically effective. In this study, therapeutic efficacies of pro-resolving agents were demonstrated in the intraperitoneal route of administration. However, in mass casualty situations, auto-injectors for intramuscular injection or oral medication would be ideal. Testing the efficacy of pro-resolving agents through other routes of administration, such as intramuscular and subcutaneous are warranted. It is expected that the intramuscular and subcutaneous route of administration would be more efficacious compared to the variable intraperitoneal route of administration.
In the continuum of these studies, testing therapeutic potential in other routes of administration, testing combination of pro-resolving agents to get the synergistic beneficial effects and testing in higher mammalian species are warranted. Additional pro-resolving agents are discovered recently and it's worth to screen therapeutic potential of these new agents in chemical cutaneous injury models.
Mechanism of action of SPM
Although the mechanism of action of pro-resolving agents in this study was not elucidated, the published literature shows several possible mechanisms of action (30, 55, 58) . Recent studies show that pro-resolving agents work through G protein-coupled receptors (GPCRs), such as ALX/FPR2, GPR18
and GPR32, whereas a few other studies show that these agents work through inhibition of transient receptor potential channels (35, 42, (59) (60) (61) Based on the literature review, we believe that SPMs mitigated the cutaneous injury caused by CEES and CS tear gas agents through inhibition of TRPA1 ion channels (Figure 7) . The interactions between GPCRs and TRP ion channels further substantiate our proposed mechanism of action of SPMs (RvD1 or RvD2) through inhibition of TRPA1 ion channels (66, 67). However, further in vitro studies with TRPA1 transfection in HEK293T cells or in vivo studies with TRPA1 knock mouse are warranted to test our interpretation.
Potential of pro-resolving agents as therapeutic candidates:
Due to the similarity of SPMs to endogenous lipid mediators, and because of the low dosages required to initiate resolution of inflammation, it is expected that these agents will display minimal side effects or toxicity compared to the conventional NSAIDs or opioids. 
Conclusion
Exposure of CS tear gas agent and CEES to ear skin caused profound cutaneous inflammation in mouse models. Post-exposure treatment with specialized pro-resolving mediators decreased inflammation.
These SPMs (RvD1 and RvD2) can be used as potential medical countermeasures to hasten the resolution of inflammation caused by chemical threat agents. B) The percent increase or decrease in intensity of dye in the CEES-exposed ear over control ear is presented (n=5/group).
C) Expression of MMP-9 (n=10-11/group) and pro-inflammatory cytokines such as IL-1β (5-9/group) and CXCL1/KC (4-8/group) in ear punch biopsy homogenate samples using ELISA.
Data are presented as mean ± SEM. 
